We determine atomic and electronic structure, formation energy, stability and magnetic properties of native point defects, such as Gallium (Ga) and Nitrogen (N) vacancies in bulk and at nonpolar (1010) surface of wurtzite Gallium Nitride (w -GaN) using, first-principles calculations based on Density Functional Theory (DFT). Under both Ga-rich and N-rich conditions, formation energy of N-vacancies is significantly lower than that of Ga-vacancies in bulk and at (1010) surface. Experimental evidence of the presence of N-vacancies was noted from electron energy loss spectroscopy measurements which further correlated with the high electrical conductivity observed in GaN nanowall network. We find that the Fermi level pins at 0.35 ±0.02 eV below Ga derived surface state. Presence of atomic steps in the nanostructure due to formation of N-vacancies at the (1010) surface makes its electronic structure metallic. Clustering of N-vacancies and Ga-Ga metallic bond formation near these vacancies, is seen to be another source of electrical conductivity of faceted GaN nanostructure that is observed experimentally.
I. INTRODUCTION
Group III-nitride based semiconductors are important for use in opto-electronic devices [1, 2] such as light emitting diodes (LEDs) and lasers because of their direct and tunable band gap (0.7 eV to 6.0 eV). In addition, GaN has emerged as a strong candidate for dilute magnetic semiconductors [3, 4] , high power and high frequency devices [5, 6] , and high electron mobility transistor (HEMT) applications [7] . As the group III-nitride semiconductors commonly crystallize in the polar wurtzite structure, they have a large internal piezoelectric field [8] (≈ 10 6 V cm −1 ) along (0001) direction, which supresses the radiative recombination.
To avoid such effect of piezoelectric fields on their electronic structure, GaN based heterostructures are grown along non-polar directions like such as [1010] [9] and [1120] [10] .
During the growth process, defects such as vacancies, dislocations nucleate naturally and are commonly observed.
Ab − initio calculations have been very effectively used [11] [12] [13] [14] in understanding the electronic properties of pristine w -GaN as well as w -GaN with defects. Numerous attempts have been made to manipulate magnetism in GaN by incorporating magnetic impurities [15] [16] [17] for spintronic applications. Several authors proposed that the cation vacancies in w -GaN lead to ferromagnetism [18, 19] while, anion vacancies in w -GaN showed paramagnetic behavior [20] . This is liked with the fact that the cation vacancy acts as acceptor whereas, anion vacancy acts as donor [21] . While atomic and electronic structure of Ga vacancies in GaN have been studied extensively, the structure and associated properties of N vacancies remain elusive [12] [13] [14] [23] [24] [25] [26] .
Overcoming the unintentional n-type doping of GaN has been a great challenge for the semiconductor industry and the origin of such auto-doping is controversial. Van 
de Walle and
Neugebauer [21] eliminated the N-vacancies as a possible cause of auto-doping, arguing that its formation energy is too high and suggested that oxygen and/or carbon impurity may explain the observed high conductivity in films grown with Metal Organic Chemical Vapor Deposition (MOCVD), where organometallic precursors are used and could be one of the sources of the mentioned impurities. However, unintentional n-type doping and high conductivity are also observed in GaN grown with Molecular Beam Epitaxy (MBE) [22] . As MBE uses pure metal and ultrapure gas as the sources, and the films are grown in Ultra High Vacuum (UHV)
conditions, the cause of auto-doping in this case may be attributed to point defects instead of carbon and oxygen impurities. Calculations carried out by Boguslawski et al. [23] showed that N vacancy introduces a shallow donor state which might be relevant to auto-doping.
There is a lot of variation in the reported estimates of formation energy of N-vacancies in bulk w -GaN under N rich conditions based on ab − initio calculations, which range from 1.1 to 5 .08 eV [12] [13] [14] [23] [24] [25] [26] . Secondly, the properties related to vacancies at the (1010) surface [27] have not been studied in depth. Defects can form more easily in lower dimensional structures, for example at the surface of thin films and nanowires, due to the fact that the surface itself is a planar defect having atoms with lower coordination numbers and dangling bonds.
In the Refs. 22 and 28, high electrical conductivity was observed for the GaN nanowall network (nanowall) grown on sapphire (0001) substrate and the surface electronic structure was proposed to be at the origin of its high conductivity. Microscopic imaging of the structure shows that the structure has different facets such as (1010), (1011) and (1012). To investigate the role of (1010) surface in yielding a high conductivity of the material, we simulated the atomic structure and electronic properties of (1010) surface of w -GaN with point defects such
as Ga and N vacancies by using ab-initio Density Functional Theory (DFT). For completeness and a consistent comparison, we also obtained atomic structure and electronic properties of Ga and N vacancies in bulk w -GaN.
II. COMPUTATIONAL DETAILS
Our calculations are based on density functional theory as implemented in "Spanish
Initiative of Electronic System with Thousands of Atoms" (SIESTA) code [29] . Local Density Approximated (LDA) functional parametrized by Ceperley and Alder [30] was used for treating exchange and correlation energy. Norm-conserving pseudopotentials generated by the scheme of Troullier and Martin [31] in the Kleinman -Bylander [32] form were used for ionic cores of Ga and N with valence electronic configuration 3d 10 4s 2 4p 1 and 2s 2 2p 3 respectively. Interaction between core and valence electrons was included as nonlinear core correction (NLCC) [33] .
Valence electron wave functions were expanded by using a combination of single zeta (SZ) and double zeta orbitals with polarization function (DZP). Hartree potential and charge density were computed on a uniformly spaced grid with a resolution corresponding to kinetic energy cutoff of 200 Ry. Brillouin zone of w -GaN was sampled by a Γ -centered 5 × 5 × 3 mesh of k-points in the unit cell of reciprocal space [34] . Positions of all the atoms were allowed to relax to minimize energy using the conjugate gradient technique until forces on each atom were less than 0.02 eV/Å. For Ga vacancy in bulk GaN, we used a 4 × 4 × 2 super-cell (128 atoms), which amount to a vacancy concentration of 1.56%. To study the N-vacancies in bulk GaN, we used three different supercell such as 2 × 2 × 2, 3 × 3 × 2 and 4 × 4 × 2, which induces vacancy concentrations of 6.25%, 2.76% and 1.56%, respectively. In simulation of stoichiometric (1010) surface of GaN, we used a symmetric slab of 32 atoms . A vacuum space of ∼ 12Å was used to keep the interaction between the periodic images of the slab weak. We used a 2 × 2 periodic-cell in the plane of the slab to simulate surface vacancies (Ga and N).
Formation energy of defects in bulk as well as at surfaces was calculated using Zhang-Northrup scheme [35] , given by
where E tot (V N or Ga ) and E tot (pristine) are the total energies of the super-cell containing the N or Ga vacancy and the reference pristine supercell respectively. n i and µ i represent the number of vacancies and chemical potential of i th species respectively. In this work, we have calculated the defect formation energy under both Ga rich and N rich conditions. Under N rich conditions µ N is the energy of N-atom (obtained from the total energy
, and the chemical potential of Ga is calculated using the assumption of thermodynamic equilibrium, i .e. µ Ga
is the total energy of one formula unit of bulk w -GaN. Similarly, for Ga rich conditions µ Ga is the chemical potential of Ga atoms in bulk α-Ga (i.e. µ Ga = µ Ga [bulk]), and chemical potential of N atom (µ N ) is calculated from thermal equilibrium condition. Under Ga rich conditions, the defect formation energy of Ga and N vacancy are shifted by -∆H f and ∆H f respectively, as compared to N rich condition, where ∆H f is the formation enthalpy of w -GaN and is estimated by the formula,
is -1.9 eV, which is in good agreement with earlier calculations based on LDA [12, 13] . E F , E V BM stand for fermi energy and bulk valence band maximum of the pristine GaN respectively. ∆V 0/b is used for aligning the electrostatic potentials of bulk and the neutral defective supercells and can be obtained by comparing of the electrostatic potentials in the bulk-like region far from the neutral defect and in the pristine bulk calculation. We have used the electrostatic correction term E corr q for charged defect in the supercell by using the correction method proposed by Van De Walle et al. [36] as implemented in CoFFEE code [37] . We have used the static dielectric constant (ǫ s ) of GaN as 9.06 obtained from Ref38 in estimation of
The thermodynamic transition level (q 1 /q 2 ) between two charge state of defects is estimated by the relation
where E f ( q ; E F = 0) is the formation energy of the defect in the charge state q when the Fermi energy is at the VBM.
Surface energy (σ) is calculated using the relation
where E slab is the total energy of slab, "n" is the number of formula units of GaN in the slab and A is the the area of surface unit cell in slab. In simulations of vacancies at the surface, corresponding atoms were removed from the two surfaces of the slab.
III. RESULTS AND DISCUSSION
A. Atomic and Elecronic structure of bulk w -GaN
Pristine bulk w-GaN
The equilibrium lattice parameters (a and c), internal parameter (u) and the band gap (E g ) of bulk w -GaN, estimated by different methods including experimental values are listed in Table I . Our estimates of lattice parameters agree well with earlier calculations and are within a deviation of ≈ 0.4 − 0.5% from the experimental values [39] . Our estimates of the band gap of bulk w -GaN is 2.06 eV at Γ point (see Fig.1(A) ) is in good agreement with earlier calculations [40, 41] based on plane wave (PW) basis, but is underestimated with respect to experimental value of 3.4 eV at RT. Such underestimation of band gap is typical of DFT-LDA calculations [41] [42] [43] [44] . Projected density of states (PDOS) (Fig.1(B) ) shows that the valence band is primarily composed of 2p orbitals of N along with a small contribution from 4p orbitals of Ga while the conduction band is composed of 4s and 4p orbitals of Ga, and a weak contribution from 2s and 2p orbitals of N. Our estimate of the crystal field splitting (∆ CF ) (in the absence of spin-orbit coupling) at Γ point is ≈ 50 meV, which is smaller than the earlier theoretical estimates of 72 meV by Suzuki et al. [45] , and a bit larger than 42 meV estimated by Wei et al. [42] , where both calculations were carried out using LDA. The experimental estimates of ∆ CF reported in different works spanned from 10 to 25 meV [46] [47] [48] [49] . [51] . Comparison of our results with the published results (see Table   I ) benchmarks the numerical parameters used in our work here, and also gives an idea of magnitude of errors. 
Ga vacancies in bulk w-GaN
Due to a neutral cation (Ga) vacancies with concentration of 1.56%, four neighbouring N atoms move away from their positions causing a contraction of their bonds with other Ga neighbors by ≈ 1.9-2.3 %. This agrees qualitatively but is smaller than earlier estimates of the change in bond-lengths of ≈ 3.5-3.7% reported by Neugebauer and Van de Walle, using a PW pseudopotential based calculation with LDA approximation [14] and by Carter and Stampfl [53] using GGA approximation with SIESTA code ( 2.9-3.7 %). We find that Ga vacancies in charged state of -1, -2, and -3, the contraction in bond length varies from 2.5-2.6%, 3.3-3.4
% to 4.1-4.3%, respectively. Our estimate of the formation energy of neutral Ga vacancy obtained under N (Ga) rich conditions is 6.90 (8.80) eV, which is in good agreement with earlier calculations (see Table III Fig.3 (a)), we find the thermodynamic transition levels (0/-), (-/2-) and (2-/3-) of V Ga are present at 0.27, 1.11 and 1.89 eV, above the VBM. Our estimate to the correction term ( E corr q + q∆V 0/b ) is 0.12, 0.65, 1.56 eV for the defects with -1, -2 and -3|e| charge state respectively. We find that neutral Ga vacancy is more stable under p-type growth conditions while -3|e| charged state is more stable under n-type growth conditions.
The thermodynamic transition levels determined here agree qualitatively with the calculation where finite size corrections are adopted [59] . In the electronic structure of GaN with Ga vacancy concentration of 1.56% (see earlier report [18] . The estimated spin polarization energy (E spin un−polarized − E spin polarized ) is ≈ 0.2 eV, suggesting that the magnetic state may be realized well above the room temperature.
However, in the work of Dev et al. [18] the coupling between spins of the neutral Ga vacancies in bulk GaN is found to be Anti-Ferro Magnetic (AFM) in nature. As the neutral Ga vacancies in bulk w -GaN act as p-type dopants having weakly dispersed bands with a width (≈ 0.4 − 0.7 eV) and thus the observed higher conductivity of GaN is unlikely to arise from neutral Ga vacancies.
N vacancies in bulk w-GaN
To simulate N vacancies at varying concentrations in bulk w -GaN we used three super- They concluded that such low values of outward relaxation may arise from the inclusion of Ga 3d electrons in the valence. Contrast to these results, Gorczyca et al. [13] reported inward relaxation of Ga atoms towards the N vacancy in 32 atoms supercell of bulk cubic phase of GaN (c-GaN) using the LMTO method (LDA) and an elongation of Ga-N bond by ≈ 2%.
Another report by Chao et al. [62] based on GGA calculation with a plane wave basis code also showed an inward relaxation of Ga atom causing elongation of Ga-N bonds by ≈ 1.9-3.4 % using a 16 atom super-cell. To obtain a clear picture of ionic relaxtation due to N-vacancies in w -GaN, we have considered three different concentrations of N-vacancies : 6.25%, 2.76%, and 1.56%. The structural changes due to ionic relaxation in these configurations are similar, and the Ga atoms that co-ordinate with a N vacancy move towards the vacancy site causing elongation of their bonds with N neighbours. The extent of elongation of bond-length varies with N-vacancy concentration. In the case of vacancy concentration of 6.25%, 2.76%, and 1.56%, the Ga-N bond stretches by ≈ 1.23-2.5%, 0.8-3.6 % and 0.6-0.7% respectively, similar to the theoretical predictions of Gorczyca et al. [13] and Chao et al. [62] . A recent work based on HSE methodology which is computationally much more expensive also predicts a similar trend [64] . Such type of ionic relaxation has also been seen in the case of N vacancies in Indium Nitride (InN) [63] . For N vacancies in charged states such as +1|e|, +2|e| and +3|e|, the nearest neighbour Ga atoms displace away from the N-vacancy site causing reduction in and +3|e| charged states respectively. We find that V N in +1|e| charge state is most stable throughout the band gap region within DFT-LDA (see Fig.3 (b) ).
N vacancy in the bulk w -GaN is a triple donor and introduces four defect states in the electronic structure. Out of these defect states, as shown by Van indicates that N vacancy states are localized and may not contribute to the observed high electrical conductivity in GaN nanowall. (1010) -surface of w -GaN has two configurations of surface termination, of which the one with a single dangling bond per atom is energetically more stable than the other one with two dangling bonds at the surface [68] . This prompted the use of former in the present calculations, where a slab geometry is used to model the pristine non-polar (1010) surface of GaN. In the relaxed (1010) surface of w -GaN (shown in Fig.5(B) ), Ga atoms at the surface of the slab move inwards into the bulk, whereas N atoms move outward into the vacuum, causing a vertical separation of ≈ 0.4Å along < 1010 > between Ga and N atoms and buckling of surface Ga-N bond by 14.2 • , which is slightly over-estimated than 7 -11
• obtained in calculations based on PW basis [41, 67] . Upon structural relaxation at the surface, bond length of Ga-N at (1010) surface reduces to 1.83Å i.e. contracted by ≈ 6% w.r.t that in bulk. This agrees well with earlier works [41, 66, 67, 69] , where it was suggested that the structural relaxation of (1010) surface involves re-hybridization of surface Ga and N atoms resulting in sp 2 and sp 3 hybridization respectively [66] , which is also evident in our analysis. Our estimates of the surface energy (σ) of (1010) surface is 168 meV/Å 2 which is a bit overestimation in comparison to other published reports (see Table II ). From the surface electronic structure (shown in Fig.5 (C) and (D)), a fundamental direct band gap of (1010) surface slab is 1.86 eV, which is 0.2 eV lower than the calculated bulk band gap. This is because of the two surface states that arises within the band gap of bulk w -GaN. The occupied surface N state (S N ), which mainly originates from the 2p orbital of the N atoms, from 1 st surface layer and 2 nd sub-surface layer, with a small contribution from atoms in the 1 st sub-surface layer. In the electronic structure it appears near to valence band and has a weaker dispersion with a band width of 0.44 eV reflecting its confinement to surface.
Unoccupied Ga surface state (S Ga ) originates mainly from 4s orbitals of the Ga atoms and from 1 st layer with a weaker contribution from 2nd layer of the slab. Unlike S N , S Ga has a higher dispersion with a band width of 2.2 eV and appears near to conduction band in the electronic structure. Layer resolved DOS (see Fig.5 (E)) clearly shows the origin of surface states, where a significant difference can be seen between DOS of the bulk-like layers and the first layer of the slab. From the spin polarized DOS it is seen that the dangling bonds at (1010) surface do not necessarily show spontaneous spin polarization. The pristine (1010) surface is insulating in nature, and our estimate of the effective mass of electrons in Ga derived surface states is ≈ 0.2m e similar to that of bulk. Thus high electrical conductivity may not arise from the conduction through these surface states either.
Methodology used in the estimation of E corr q for slab calculations
Before we discuss effects of Ga and N vacancies on structural and electronic properties of DF T , and the model potential. They match well far from the defect, which indicates that the chosen model charge and dielectric profile are appropriate for this system. For the estimation of E iso , we extrapolate the value of the model electrostatic energy (E per ) to infinitely large supercell. The electrostatic correction is then given by E iso -E per . In Fig.7 , we show the uncorrected and corrected formation energy of V Ga on the surface of the slab with -1 charge state, with varied supercell sizes and different vacuum dimensions. The thickness of the GaN slab is kept fixed in these calculations. The corrected formation energies are found to be the same (upto 0.1 eV) irrespective of the supercell size or the vacuum dimension.
Ga-vacancies at (1010) surface
In the simulations of Ga vacancies at the (1010) surface, we used a 2 × 2 in-plane super-cell (128 atoms) and introduced a vacancy at Ga site on both surfaces of the slab amounting to a surface Ga vacancy concentration of 25% (surface Ga:N=0.75). Upon structural relaxation of the (1010) surface with Ga vacancies at the surface, we find that the neighboring N atoms move away from vacancy site causing contraction of Ga-N bonds (≈ 1.5 -2%) in the neighborhood of vacancies compared to the ideal Ga-N bonds at (1010) surface. A similar structural relaxation process (contraction in Ga-N bonds by ≈2.3-3.5% [71] and ≈2.9-3.7 % [53] ) is reported in the case of Ga vacancies at (1010) side wall surface of GaN NWs. We find that the contraction in Ga-N bonds varies from 1.5-1.7%, 2.0-4.81% to 3.4-6.5% with the surface Ga vacancies in charged states of -1|e|, -2|e| and -3|e| respectively. Our estimate of the formation energy of a Ga vacancy at (1010) surface under N-rich conditions is 3.97 eV, which is 2.93 eV less in comparison to the bulk and is a consequence of lower coordination of atoms on the surface. Our estimate of the formation energy of surface Ga vacancies in charged states of -1|e|, -2|e| and -3|e| are 4.35, 4.62 and 7.92 eV respectively. Formation energy versus Fermi energy plot (see Fig.9 (a) ) shows neutral Ga vacancies are more stable under p-type growth conditions while Ga vacancies in -2|e| charged states is more stable under n-type conditions with a thermodynamic transition level (0/2-) at 0.32 eV above N atoms derived surface state (or surface VBM). In the electronic structure of (1010) surface with 25% Ga vacancy concentration (see Fig.8 ), three vacancy-related states (designated as D) are evident near the valence band just above the N atoms derived surface states. Thus, neutral Ga vacancies at (1010) surface act as a p-type dopant and haa a low band width suggesting that the Ga-vacancies are not the source of the high electrical conductivity observed in GaN nanowall. Furthermore, PDOS analysis ( Fig.8(B) ) shows that these hole states originate from 2s/2p orbitals of the N atoms that co-ordinate with the Ga vacancy and are spin polarized. Due to symmetry breaking at the surface, the three N atoms contribute asymmetrically to the net magnetic moment with individual magnetic moments of 1.462, 0.427 and 0.427 µ B respectively. Estimated spin polarization energy of 1.1 eV is relatively higher than that for bulk GaN. Thus, magnetization due to Ga vacancies at the surface is more stable than that in the bulk w -GaN. From Fig.9 (a) it is clear that formation energy of the V Ga is too high to form in abundant which can contribute to a significant number in free carrier concentration. Secondly, the obtained carrier type that is responsible for electrical conductivity in the GaN nanowall is electron, thus we reiterate Ga vacancies are not responsible for the high electrical conductivity observed in the GaN nanowall.
N-vacancies at (1010) surface
To simulate N-vacancies at the (1010) surface, we introduced a vacancy at N site on each surface of the 2 × 2 in-plane super-cell of slab amounting to a surface N vacancy concentration of 25% (surface Ga:N=1.33). We find upon structural relaxation of (1010) surface with N vacancies at surface, the Ga atoms sorrounding a N vacancy are found to move inwards the vacancy, resulting an elongation of Ga-N bonds by 2.6 -6 % compared to bond length at the pristine (1010) surface. Because of the N vacancies on (1010) surface, the basal plane Ga atom of vacancy site get displaced towards the vacuum, while remaing surface Ga atoms move inwards to bulk. Similar structural changes have been reported by Carter et al. [53] in case of neutral N vacancies at the (1010) side wall surface of a GaN NWs. Further, in +1|e|, +2|e| and +3|e| charged states of surface N vacancies, the stretching of Ga-N bonds varies from 0.64-1.56%, 0.67-1.12% to 0.48-0.51% respectively compared to the ideal (1010) truncated surface. Our estimate of the formation energy of a N vacancy at (1010) surface of w -GaN is 3.17 eV, which is 2.04 eV less than for bulk w -GaN. Table III shows The estimated defect formation energy of a surface N vacancy in charges states +1|e|, +2|e| and +3|e| are 0.04, -1.31 and -2.86 eV respectively. Formation energy versus Fermi energy plot (see Fig.9 ) reveals that N-vacancies in +3|e| charged state is most stable under p-type growth conditions while +1|e| charged state is more stable under n-type conditions with a thermodynamic transition level (3+/+) 1.45 eV above surface VBM. It is clear that formation energy of the N-vacancy, both in bulk and at (1010) surface, is significantly less than that of Ga vacancy suggesting the concentration of N-vacancies will dominate over that of Ga vacancies during the crystal growth. We can infer from Fig.9 (b) that N-vacancy can form spontaneously up to a Fermi level ≈ 1.0 eV above surface VBM. We further note that the Fermi level pins at 0.35±0.02 eV below the surface CBM. Electronic structure of the (1010) surface with a N-vacancy (see Fig.10 ) at the surface reveals that they also act as n-type dopant and donate only one electron per vacancy for conduction. Because of the N vacancy at (1010) surface, a half-occupied band appears in the fundamental band gap about 0.33 eV below the CBM at the Γ point, while leaving the remaining defect bands to overlap with the conduction and valence bands. We find that the band width of the band near the Fermi level is ≈ 0.25 eV, and is spin polarized. In contrast to N-vacancies in the bulk w -GaN, asymmetry in spin polarized DOS (see Fig.10 Further, a closer look at the HR-TEM image of nanowall (see Fig.11 (A) and (B) reveals that the side wall surface makes an angle of ≈ 90
• with (0001)-plane, with tapered surface at the top of the film due to formation of atomic steps (see red dots in Fig.11(C) ). FFT pattern of HR-TEM image (see Inset Fig 11 (C) ) confirms that the sidewalls consist of (1010) mode is shown in Fig.12 (D) . From the STM image we can infer that the basal plane Ga atom From the above calculations, we note that formation energy of N-vacancies is comparatively less than Ga vacancies, thus the concentration of N vacancies is higher than Ga vacancies during crystal growth. However, the formation energy of N-vacancies in the bulk GaN is substantially high to form in abundance. Our calculations suggest that the N-vacancies at the surface can form spontaneously under p-type growth conditions indicating a large density of such defects at surface. Further, the formation of steps by removing N atoms from the surface of (1010) slab shows metallic character, thus we propose that the electrical conductivity observed in Refs.22 and 28 is probably due to the formation of atomic steps and a large number of nitrogen vacancies on the side wall surface of GaN nanowall, giving rise to larger density of free electrons for conduction.
IV. EXPERIMENTAL VALIDATION
To validate the N-vacancies induced high electrical conductivity we probe the electronic structure of the material by EELS and they are shown in Fig.11(D) and (E). We have obtained both the Valence EELS and core-loss EELS of the (1010) that the higher conductivity can be attributed to the localized nature of the defect state at the surface. X-ray Photoelectron Spectroscopy (XPS) study on a similar structure [76] reveals the formation of Ga rich and n-type surface of the GaN nanowall due to N-vacancies, consistent with the Fermi level pinning of (1010) surface close to surface CBM, which supports our proposed mechanism.
V. SUMMARY
In summary, we have calculated atomic and electronic structure, formation energy, stability and magnetic ground state of native point defects in bulk w -GaN and at (1010) surface using first-principles DFT-based calculations. Ga vacancies, whose formation energy is significantly higher than N-vacancies under both Ga and N-rich condition, act as p-type dopants and induce magnetism in GaN. N vacancy in GaN acts as n-type dopants (1 e/vacancy for conduction) and does not give rise to magnetic moment in the bulk, but a net magnetic moment 1.0µ B /vacancy arises due to the N-vacancy at (1010) surface. We find that in bulk configuration, charged states is most stable under n-type growth conditions. Most importantly, N-vacancies at the surface form spontaneously under p-type growth conditions giving rise to native ntype character of (1010) surface. Experimental evidence on the presence of N-vacancies was found by EELS measurements. Formation of an atomic step due of N-vacancies on (1010) surface is found to give a metallic electronic structure with the clustering of vacancies and Ga-Ga metallic bond formation near the vacancies, which we attribute to be responsible for the observed high electrical conductivity in (1010) faceted GaN nanowall.
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